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Abstract 
Tube thinning control without wrinkling occurring is a key problem urgently to be solved for improving the forming qualities 
in numerical control (NC) bending processes of large-diameter Al-alloy thin-walled tubes (AATTs). It may be a way solving this 
problem to exert axial compression loads (ACL) on the tube end in the bending. Thus, this article establishes a three-dimensional 
(3D) elastic-plastic explicit finite element (FE) model for the bending under ACL and has its reliability verified. Through a 
multi-index orthogonal experiment design, a combination of process parameters, each expressed by a proper range, for this FE 
model is derived to overcome the compression instability on tube ends. By combining the FE model with a wrinkling energy 
prediction model, an in-depth study is conducted on the forming characteristics of large-diameter AATTs with small bending 
radii and it can be concluded that (1) The larger the tube diameters and the smaller the bending radii, the larger the induced tan-
gent tension stress zones on tube intrados, by which the tube maximum tangent compression stress zones will be partitioned in 
the bending processes; thus, the smaller the ACL roles in decreasing thinning degrees and the larger the compression instability 
possibilities on tube ends. (2) The tube wrinkling possibilities under ACL are larger than without ACL acting in the earlier form-
ing periods, and smaller in the later ones. (3) For the tubes with a size factor less than 80, the ACL roles in decreasing thinning 
degrees are stronger than in increasing wrinkling possibilities.  
Keywords: numerical control systems; bending; forming; axial compression; finite element modeling; large-diameter Al-alloy 
thin-walled tubes  
1. Introduction1 
As a kind of key lightweight components, Al-alloy 
thin-walled tubes (AATTs) have a promising future for 
finding a wide application in aerospace, aviation and 
the other high technology industries. Their rapid de-
velopment has posed an urgent requirement for the 
exploitation of advanced plastic forming technologies 
to manufacture the high-quality tube parts. Numerical 
control (NC) tube bending (see Fig.1), based on a ro-
tary draw bending method, has become an advanced 
plastic forming technology satisfying the above re-
quirements, because of its many unique advantages, 
such as high efficiency, economy,  process stability 
and easier to enable digital precision forming process 
and mass production[1].  
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Fig. 1  Schematic of NC tube bending process. 
However, in the NC-bending, three-dimensional (3D) 
compression stresses acting upon the tube intrados are 
most likely to result in wrinkling, especially, for 
large-diameter  tubes with a small bending radii. In 
order to decrease the wrinkling possibilities, it is often 
to specify rigorous assembling and contacting condi-
tions between dies and the tubes in bending 
high-diameter AATTs with small bending radii; while Open access under CC BY-NC-ND license.
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this will also easily lead to the excessive thinning and 
flattening of tubes. Thus, tube thinning control without 
wrinkling occurring has been a key problem urgently 
waiting for solution for improving the forming quality 
in NC bending large-diameter AATTs. The solution of 
this problem needs to reduce the tangent tension stress 
on the tube extrados while not raise the tangent com-
pression stress on the intrados. However, up to now, 
there have hardly been any sufficient studies reported 
in the literature on such a subject. 
Pushing tool is a new forming device exerting axial 
compression loads (ACL) on tube end in NC tube 
bending processes (see Fig.1). It changes the tube 
stress-strain fields in the processes. The pushing tool 
has been used in the bending process of the tube with a 
size factor (tube diameter and wall thickness ratio) 43, 
and the tube has been the smaller thinning degree 
while the thickening increasing[2]. Thus, it can be de-
duced that the ACL decreases the tangent tensile stress, 
while increases the tangent compressive stress thereby 
increasing tube wrinkling possibility. On the other 
hand, ACL is prone to generate compression instability 
on tube ends[3-4]. However, the problems of the com-
pression instability on tube end and the prediction of 
wrinkling have not been investigated in Ref.[2]. Z. C. 
Sun and H. Yang[3] found that the overload would lead 
to the compression stability on tube end. H. Li[5] pre-
dicted the wrinkling under multi-die constraints in the 
NC bending tubes with a size factor less than 40, based 
on a combination of the dynamic explicit elas-
tic-plastic finite element (FE) model for the bending 
and the energy wrinkling prediction model, which has 
shown the advantages of this combination in the tube 
wrinkling prediction. Up to now, much efforts have 
been made to investigate the NC-bending tubes with a 
size factor less than 40 without exerting ACL on tube 
ends, laying emphasis upon the prediction and control 
of their thinning, flattening and wrinkling during 
bending[5-18]. For these small-size tubes, the wrinkling 
possibilities are lower and the control of tube forming 
qualities is easier than for the large-diameter AATTs. 
As the yield strength of AATTs is lower than 
stainless steel tubes, the compression instability possi-
bilities on tube ends of AATTs are higher. This tends to 
inhibit positive roles of ACL in bending large-diameter 
AATTs. Thus, in order to enable the tube thinning con-
trol without wrinkling occurring, it is necessary to 
overcome the compression instabilities on tube ends 
during bending large-diameter AATTs under ACL, and 
study the effects of ACL on the tube wrinkling and 
thinning.  
Numerical simulations based on a dynamic explicit 
FE method can deal with various complicated forming 
problems, and consider effectively effects of process 
parameters on forming processes. Thus, the combina-
tion of the dynamic explicit elastic-plastic FE model 
with the energy wrinkling prediction model is an ef-
fective method enabling the study of the thinning and 
wrinkling in the NC bending large-diameter AATTs 
under ACL. Considering the characteristics of bending 
large-diameter AATTs without ACL, based on the 
ABAQUS software environment, H. Yang, et al.[19] 
established the elastic-plastic FE model and the wrin-
kling prediction model under multi-die constraints 
respectively and validated their reliabilities. In 
Ref.[19], the combination of the established elas-
tic-plastic explicit FE model with the wrinkling energy 
prediction model has also been achieved to enable the 
wrinkling characteristics in the bending processes to 
be predicted actually and efficiently. 
This article establishes and validates a 3D elas-
tic-plastic FE model for NC-bending large-diameter 
AATTs under ACL based on the dynamic explicit FE 
method. By taking advantage of the model with the 
properly chosen process parameters, it makes an at-
tempt to overcome the compression instability on tube 
ends. And then by combining the FE model with a 
wrinkling energy prediction model, a study is carried 
out on the thinning and wrinkling characteristics of 
large-diameter AATTs with small bending radii during 
bending under ACL. 
2. Research Methodology 
2.1. 3D elastic-plastic FE model under ACL  
A 3D elastic-plastic FE model for NC bending proc-
esses of AATTs with large diameters under ACL is 
established based on the dynamic explicit algorithm in 
the ABAQUS software environment. As shown in 
Fig.2, the forming dies including a bending die, a 
pressure die, a wiper die, a mandrel, a clamping die, a 
clamping plug and a pushing tool, are simplified as 
rigid bodies, and the tube is a deformable body. The 
pushing tool is used to exert the ACL on tube end, and 
its contacting conditions with the tube in the simula-
tions are the same as the experimental ones (see 
Fig.3(a)). 
 
Fig.2  A representative 3D FE model for NC tube bending 
processes under ACL. 
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Fig.3  Illustrations of experimental equipments. 
4-node doubly curved thin shell elements consider-
ing reduced integration and hourglass control are used 
to discretize the tube. The sizes of the simulation ele-
ments of large size tubes are 3-4 mm, and the number 
of the elements changes from 15 000 to 33 000. The 
rigid body surfaces of dies are discretized by 4-node 
3D bilinear quadrilateral rigid elements. The link be-
tween the mandrel balls is modeled by a “connector 
element”, and the rotation ranges of each mandrel ball 
are set in the property of the “connector element”. 
The material used in simulations is an isotropic, 
homogeneous, elastic-plastic material following Von- 
Mises yield criterion, with isotropic work hardening. 
Without the effects of tubes geometrical size on the 
mechanical properties taken into consideration, the 
mechanical properties of the Al-alloy tube (5052O) are 
obtained from the uniaxial tensile test of the specimens 
cut along the longitudinal direction of the tube. The 
Hollomon model is used to describe the strain-hard- 
ening of tube material, as shown in the following equa-
tion: 
       nKσ ε=                 (1) 
where K is the strength coefficient (341.02 MPa), and 
n the work-hardening exponent (0.165 26). The den-
sity ρ of 2 700 kg/m3, the Poisson’s ratio γ of 0.3 and 
the elastic modulus E of 63 GPa are also used in these 
simulations. 
The tube contact surfaces defined in the simulations 
are classified as two parts: one is the tube outside sur-
face contacting with the pressure die, the wiper die, the 
clamping die and the bending die, respectively, and the 
other is the tube inside surface contacting with the 
mandrel with balls, the clamping plug, and the pushing 
tool respectively. Additionally, the contact interactions 
between balls are also defined. The friction between 
the contacting surfaces is described by the Coulomb 
friction model (τcrit = μσn), in which μ (0<μ<0.5) is 
friction coefficient [20].  
The boundary constraints and loading are applied by 
the two ways: “displacement/rotation” and “veloc-
ity/angle velocity”, and the trapezoidal amplitude 
curves are used to impart the time-dependent velocity 
with time as smooth as possible to ensure little inertial 
effects in simulating the quasi-static process. 
2.2. Verification of FE model 
The FE model for NC-bending under ACL is veri-
fied by the experimental results. Table 1 lists the simu-
lation parameters in correspondence with the experi-
mental conditions and the experiment was run on a pro-
grammable logic controllor (PLC) controlled bender 
W27YPC-159NC (see Fig.3(b)).  
Table 1  Simulation parameters for experiment 
Parameter Value 
Tube diameter D/mm 70 
Wall thickness t/mm 1.5 
Bending radius R0/mm 105 
Mandrel diameter d/mm 66.5 
Ball diameter d0/mm 66.48 
Thickness of ball k/mm 27.5 
No. of balls N 3 
Pitch between balls p/mm 31.6 
Bending velocity ω/(rad·s−1) 0.4 
Pushing velocity of pressure die  
vpressure/(mm·s−1) 
42.1 
Pushing velocity of pushing tool  
vpush/(mm·s−1) 
42.1 
Final bending angle 0θ ′ /rad π/2 
In the experiment, the tube wall thickness along the 
extrados and intrados was measured by the ultrasonic 
measuring device (see Fig.4). 
 
Fig.4  Measuring wall thickness. 
From Fig.5, it can be found that the maximum cal-
culation error of the wall thickness is 12%, which 
shows that the FE model established is reliable. 
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Fig.5  Comparisons of results from FEA with experiment 
(the measurement points are the outermost points 
along the extrados and the innermost points along the 
intrados as shown in Fig.6). 
2.3. Method of overcoming compression instability on 
tube end 
(1) Forming indices for NC tube bending process 
In this article, the tube wrinkling possibility is de-
fined by the maximum wrinkling factor, Iw = T/Umin, in 
which Umin is the minimum wrinkling energy of the 
tube compression zones, and T the work done by the 
external force. The wrinkling occurrence is judged by 
the limit wrinkling value, T/Umin = 1. For the computa-
tional method of the maximum wrinkling factor and its 
validation, refer to Ref.[11]. 
The tube thinning is described by the maximum 
thinning ratio It as follows: 
  It = (t − t0)/t ×100%             (2) 
where t is the initial wall thickness of tube, and t0 the 
wall thickness at the thinnest point along the tube ex-
trados.  
The tube flattening is described as follows by the 
maximum ovality: 
 Id = (D−D′)/D×100%             (3) 
in which, as shown in Fig.6, D is tube diameter before 
bending, and D′ is tube diameter along the bending 
radius direction after bending[8].  
(2) Determining the appropriate forming parameters 
As yielding strength of AATTs is lower than 
stainless tubes, compression instability possibilities on 
tube ends of AATTs are higher. From Ref.[3], it has 
been found that the over-compression load can lead to 
the compression instability on tube end. Thus, in order 
to overcome the compression instabilities on tube ends 
during bending under ACL, it is necessary to decrease 
movement resistance of pushing tool to prevent the 
compression loads from exceeding the critical values. 
However, the wrinkling, the excessive thinning and the 
flattening during bending are deemed to augment this 
resistance. As a result, an effective way to overcome 
compression instability on tube ends is to formulate a 
process parameter combination, each expressed in a 
proper range, to avoid wrinkling, excessive thinning 
and flattening during bending under ACL. The process 
parameters including die and friction parameters are 
determined in the FE modeling the bending processes 
under ACL. Fig.7 depicts the flowchart of the formula-
tion method. 
From Fig.7, a FE model for the bending without 
ACL is established firstly with known tube material 
and its geometry parameters. According to the 
multi-index orthogonal experiment design[19], a virtual 
orthogonal experiment is performed by changing the 
die and friction parameters according to the orthogonal 
table L27(313) and then the results are measured by the 
three forming indices including the wrinkling factor Iw 
for the wrinkling, the maximum thinning ratio It for the 
thinning and the maximum ovality Id for the flattening. 
Finally, the process parameter combination, which 
corresponds to the minimum forming indices (the 
minimum ones of the forming indices each), can be 
acquired, and the NC bending under ACL can be 
simulated based on the combination. If without the 
compression instability on tube end in the simulation, 
determine the changing ranges of each parameter in 
these process parameter combination. Otherwise, these 
parameter combinations are changed according to the 
effects of process parameters on these forming indices 
until this compression instability is eliminated. The 
velocity of the pushing tool is just the same as the 
pressure dies in the simulation. 
Table 2 and Table 3 list the acquired parameters 
based on the above analysis. 
 
Fig.6  Measuring points of obtained results. 
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Fig.7  Formulation method of process parameter combinations, each expressed in a proper range (Table 2 and Table 3 render the 
explanation of each parameter). 
 
Table 2  Friction conditions at different interfaces 
Contact interface Friction coefficient µ 
Tube outside surface vs clamping die >0.60 
Tube outside surface vs wiper die 0.05-0.06 
Tube outside surface vs pressure die 0.25-0.30 
Tube outside surface vs bending die 0.25-0.30 
Tube inside surface vs clamping plug 0.25-0.30 
Tube inside surface vs mandrel with balls 0.05-0.06 
Ball vs ball 0.05-0.10 
Tube end surface vs pushing tool 0.25-0.30 
Note: The friction coefficient between tube and clamping die is more than 0.6 to ensure absence of slip between them. 
Table 3  Die and velocity parameters for simulations 
Parameter  Value  
Tube diameter D/mm 70 130 127 
Wall thickness t/mm 1.00 1.50 1.24 
Bending radius R0/mm 105.0 195.0 190.5 
Mandrel diameter d/mm 67.75-67.85 126.75-126.85 124.26-124.31 
Ball diameter d0/mm 67.10-67.70 126.10-126.70 123.90-124.21 
Thickness of ball k/mm 16-25 28-32 28-32 
No. of balls N 4-5 4-5 4-5 
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Continued    
Parameter  Value  
Extension length of mandrel e/mm 5-7 5-7 5-7 
Final bending angle θ0/rad π/2 π/2 π/2 
Assembling clearance of pressure die Cp/mm 0.10-0.15 0.10-0.15 0.10-0.15 
Assembling clearance of wiper die Cw/mm 0.15-0.20 0.15-0.20 0.15-0.20 
Assembling clearance of bending die Cb/mm 0.10-0.15 0.10-0.15 0.10-0.15 
Bending velocity ω/(rad·s−1) 0.50 0.50 0.50 
Pushing velocity of pressure die vpressure/(mm·s−1) 52.5 97.5 95.2 
Pushing velocity of pushing tool vpush/(mm·s−1) 52.5 97.5 95.2 
 
Functioning only to transfer a load exerted by the 
pushing tool in NC bending under ACL, the tube end 
would not undergo any evident plastic deformation if 
no compression instability occurs on tube ends, which 
means the equivalent plastic strain there is 0. Therefore, 
the equivalent plastic strain can be used as a metric to 
measure the odds for occurring compression instability 
(see Fig.8), i.e., the larger the equivalent plastic strain, 
the larger the possibility for compression instability. 
Fig.9 shows the simulation results for the tube with the 
size factor of 100 with the simulation parameters from 
Table 2 and Table 3. From it, the buckling on tube end 
has been eliminated completely. 
 
Fig.8  Compression instability on a tube end. 
 
Fig.9  Simulation result for FE model by means of com-
bined proper parameters (D/t = 100). 
3. Presentation of Results 
3.1. Distributions of maximum tangent compression 
stress boundaries  
Fig.10 shows the effects of ACL on the distributions 
of the maximum tangent compression stress boundaries 
on tube intrados with the bending factor (R0/D) of 1.5. 
Under ACL, there is a larger concentration of the maxi-
mum tangent compression stress boundaries around 
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Fig.10  Distribution of maximum tangent stress boundaries along tube intrados (R0/D = 1.5). 
 
Fig.11  Distribution of maximum tangent stress boundaries along tube intrados with different bending factors (D/t = 100). 
the bending plane before the forming ratio (the ratio 
of the bending angle θ′ at the different bending time 
to the final bending angle θ 0) 40%, and the maxi-
mum tangent compression stresses are also larger 
than without ACL. And then these boundaries will be 
divided into two parts by a certain range of tangent 
tension stress zones with increasing the forming ra-
tios (see Fig.10); the larger the size factors, the more 
remarkable the above characteristics. Fig.11 shows 
the distribution of the maximum tangent compression 
stress boundaries of the tube with the size factor of 
100 under ACL. It can be found that the tangent ten-
sion stress zones dividing the tangent compression 
stress zones around the bending plane will decrease 
in the later forming periods with increasing the 
bending factors. 
This is because that in the earlier forming periods, 
the bending moments exerted by bending dies will lead 
to the tangent compression stresses around the bending 
planes on tube intrados, where the tubes are subjected 
to the compression deformation; meanwhile, the force 
exerted by the pushing tools will lead to the increases 
of the tangent compression stresses and the compres-
sion deformation. In the later forming periods, as 
shown in Fig.12, for the larger size factors and smaller 
bending factors, ACL will lead to the increases of the 
tangent displacements of these compression deforma-
tion zones, the distribution ranges of the zone b, and 
the length of the boundary between the zone a and b. 
The displacement differences in this boundary are re-
strained by the tube shape rigidity, which will induce 
these tangent tension stress zones. However, the tube 
maximum tangent compression stress boundaries in 
the processes without ACL still keep concentrated with 
increasing the forming ratios[19]. It can also be found 
that from Fig.12, with increasing the bending factors, 
the effects of the ACL on the distributions of the tube 
displacement zones around the bending plane become 
smaller and the tangent tension stresses are also   
smaller induced by these displacement differences in 
this boundary. 
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Fig.12  Tangent displacement fields of a tube (D/t = 100) 
with a forming ratio 80%. 
3.2. Effects of ACL on thinning 
Table 4 shows the effects of ACL on the maximum 
thinning ratios of different sizes of tubes with different 
bending factors. The relative increases of the maxi-
mum thinning ratios (δ = t t t( )/ 100%)I I I′ ′− × under 
ACL or not are acquired from Table 4, and shown in 
Fig.13. From Fig.13, it can be found that keeping the 
bending factor unchanged, the larger the size factors, 
the smaller the roles of ACL in decreasing the thinning; 
for the tubes with a size factor D/t >80, the relative 
increments of the maximum thinning ratios are very 
small. This is attributed to the existence of the induced 
tangent tension stress zones in the bending deforma-
tion zones on tube intrados with small bending factors 
(see Fig.10). However, the larger the bending factors, 
the larger the effects of ACL on the thinning, because 
these induced tangent tension stress zones will de-
crease with increasing the bending factors (see Fig.11).  
 
Fig.13  Relative increases of thinning ratios of different size 
tubes. 
Table 4  Maximum thinning ratio of wall thickness of different size tubes 
R0/D = 1.5 R0/D = 1.7 R0/D = 2.0 
D/t 
t /%I ′ (With ACL) t /%I (Without ACL) t /%I ′ (With ACL) t /%I (Without ACL) t /%I ′ (With ACL) t /%I (Without ACL)
70 15.88 20.28 13.22 17.46 11.38 15.28 
86 17.26 18.53 13.53 16.26 11.53 14.67 
100 19.41 20.39 14.43 17.24 11.45 14.26 
 
3.3. Effects of ACL on wrinkling 
Considering the tube maximum tangent compression 
stress boundaries as the wrinkling sensitive zones, the 
tube wrinkling characteristics under ACL are investi-
gated. 
Fig.14 shows the tube wrinkling factors with the dif-
ferent forming ratios under the bending factor of 1.5. It 
can be found that the larger the size factors, the larger 
the effects of ACL on the wrinkling characteristics. 
When a forming ratio θ ′/θ0 <50%, the tube wrinkling 
factors T/Umin in the bending processes under ACL are 
higher than without ACL, and the maximum relative  
 
Fig.14  Wrinkling factors with different forming ratios 
(R0/D = 1.5). 
increment of the wrinkling factors is 5.7%; and then 
the ones will be smaller. This is because that the ACL 
leads to the increases of the maximum tangent com-
pression stresses in the earlier forming period, but in 
the later forming period, the existence of the induced 
tangent tension stress zones, which divide the maxi-
mum tangent compression stress zones (see Fig.10), 
will decrease the wrinkling factors. 
Fig.15 illustrates the effects of ACL on the wrin-
kling characteristics of different sizes of tubes with 
different bending factors. It can be found that when a 
bending factor R0/D≥1.5, the effects of ACL on the 
wrinkling factors of the tubes with a size factor 
D/t < 80 can be neglected because the wrinkling fac- 
 
Fig.15  Wrinkling factors against different sizes of tubes. 
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tors are very small. By contrast, for the tubes with a 
size factor D/t > 80, as the bending factor decreases, 
the role of ACL becomes more active to push the wrin-
kling factor up into the dangerous range (Iw>0.8), and 
the larger the size factor. 
4. Conclusions 
Based on the dynamic explicit FE method, and 
without considering the effects of tube geometrical 
sizes on the mechanical properties, a 3D elastic-plastic 
FE model for the NC bending processes under ACL is 
established and its reliability is also verified, in which 
the combination of the process parameters, each ex-
pressed by a proper range, are derived to overcome the 
compression instabilities on tube ends. And then by 
combining the FE model with the wrinkling energy 
prediction model, a detailed study has been performed 
on the thinning and wrinkling characteristics in 
NC-bending large-diameter AATTs.  
(1) The larger the tube diameters and the smaller the 
bending factors, the larger the induced tangent tension 
stress zones, by which the tube maximum tangent 
compression stress zones will be partitioned in the 
bending processes; thus, the smaller the ACL roles in 
decreasing thinning degrees and the larger the com-
pression instability possibilities on tube end. 
(2) When a forming ratio θ ′/θ < 50%, the tube 
wrinkling factors in the bending processes under ACL 
are larger than without ACL, and then the ones will be 
smaller. The larger the tube diameters, the larger the 
effects of ACL. However, for the tubes with a size 
factor D/t < 80, the effects of ACL on the wrinkling 
can be neglected when a bending factor R0/D > 1.5. 
(3) The larger the tube diameters, the smaller the 
roles of ACL in decreasing the thinning. For the tubes 
with a size factor D/t > 80, the roles of ACL in de-
creasing the thinning becomes very small.  
The above results are helpful to understand the roles 
of ACL in achieving the forming limits in NC bending 
of large-diameter AATTs. 
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